Abstract. 6-(Methylsulfinyl)hexyl isothiocyanate (6-MSITC) is a bioactive ingredient of wasabi [Wasabia japonica (Miq.) Matsumura], which is a popular pungent spice of Japan. To evaluate the anti-inflammatory function and underlying genes targeted by 6-MSITC, gene expression profiling through DNA microarray was performed in mouse macrophages. Among 22,050 oligonucleotides, the expression levels of 406 genes were increased by ≥3-fold in lipopolysaccharide (LPS)-activated RAW264 cells, 238 gene signals of which were attenuated by 6-MSITC (≥2-fold). Expression levels of 717 genes were decreased by ≥3-fold in LPS-activated cells, of which 336 gene signals were restored by 6-MSITC (≥2-fold). Utilizing group analysis, 206 genes affected by 6-MSITC with a ≥2-fold change were classified into 35 categories relating to biological processes (81), molecular functions (108) and signaling pathways (17) . The genes were further categorized as 'defense, inflammatory response, cytokine activities and receptor activities' and some were confirmed by real-time polymerase chain reaction. Ingenuity pathway analysis further revealed that wasabi 6-MSITC regulated the relevant networks of chemokines, interleukins and interferons to exert its antiinflammatory function.
Introduction
Wasabi [Wasabia japonica (Miq.) Matsumura], called Japanese horseradish, is a member of the Brassicaceae family of vegetables. Its rhizome is a very popular pungent spice in Japan. Several studies have shown that wasabi has multiple biological activities, such as anti-microbial activity (1), inhibition of platelet aggregation (2) and the suppression of N-methyl-N'-nitro-N-nitrosoguanidine (MNNG)-induced rat gastric carcinogenesis (3) . Accumulated data reveal that a series of allyl isothiocyanates are present in its rhizome as active compounds (4) of which 6-(methylsulfinyl)hexyl isothiocyanate (6-MSITC or 6-MITC in previous reports) is a major allyl isothiocyanate (5) . Our group recently reported that 6-MSITC inhibits lipopolysaccharide (LPS)-induced expression of cyclooxygenase-2 (COX-2) (6) and inducible nitric oxide synthase (iNOS) (7) . These data suggest that 6-MSITC may have potential as an anti-inflammatory agent.
Inflammation is essential for defense against bacterial infection. Expression of inflammatory cytokines, chemokines and other mediators are involved in inflammatory processes (8) . Although recognition of invading pathogens by host cells initiates the binding of specific cellular receptors to pathogen molecules with distinct patterns (9) , toll-like receptors (TLRs) are the major pattern-recognition receptors. In particular, inflammation caused by LPS is one of the most extensively studied cases (10) . LPS liberated from gram-negative bacteria associates with LPS binding protein, an acute phase protein present in the bloodstream and subsequently binds to CD14 antigen (CD14), a glycosylphosphatidylinositol-linked protein expressed on the cell surface of phagocytes. LPS is then transferred to MD-2, which associates with the extracellular portion of toll-like receptor 4 (TLR4), followed by (13, 14) . These signaling pathways ultimately stimulate transcription factors, nuclear factor κB (NF-κB), activator protein 1 (AP-1) and interferon regulatory factors to induce antibacterial and antiviral responses including the induction of tumor necrosis factor (TNF), interleukin-1 (IL1) and interleukin-6 (IL6) (15) .
To evaluate the anti-inflammatory function and underlying genes targeted by wasabi 6-MSITC, we used oligonucleotide DNA microarray to investigate the effects of 6-MSITC on genome-wide gene expression in an inflammatory cell model, murine macrophage-like RAW264. Furthermore, we explored the molecular interaction networks from gene expression data, using Ingenuity pathway analysis (IPA) software. These data revealed a molecular basis for the anti-inflammatory activity of 6-MSITC.
Materials and methods
Materials and cell culture. 6-MSITC was purified by reversephase HPLC to >99%, and dissolved in dimethyl sulfoxide for cell culture (DMSO final concentration, 0.2%). LPS (Escherichia coli serotype 055:B5) and other reagents used in the chemical analysis were purchased from Sigma Chemical. Murine macrophage-like RAW264 cells were obtained from Riken BioResource Center Cell Bank, Japan (cell no. RCB0535) and cultured at 37˚C in a 5% CO 2 atmosphere in Dulbecco's modified Eagle's medium containing 10% fetal bovine serum.
RNA preparation and microarray hybridization. RAW264.7 cells were pretreated with or without 6-MSITC for 30 min and then exposed to 40 ng/ml LPS for 6 h. Total RNA was extracted using Qiagen™ RNeasy mini kit (Valencia, CA) following the manufacturer's protocol. The RNA quantity was assessed using an Agilent 2100 bioanalyzer (Palo Alto, CA). Total RNA (500 ng) was amplified at 40˚C for 2 h by the Agilent low RNA input fluorescent linear amplification kit following the manufacturer's protocol. cRNAs were labeled at 40˚C for 2 h with cyanine 5 (Cy5) for samples and with cyanine 3 (Cy3) for the universal mouse reference RNA (Agilent Technologies). After the amplification and labeling, the yields and dye incorporation efficiencies were determined using a spectrophotometer. Agilent mouse 22,050 oligonucleotide microarrays were used for this study following Agilent microarray processing protocol. Briefly, Cy3-labeled samples and Cy5-labeled references were mixed and incubated with an Agilent microarray slide for 17 h using an Agilent in situ hybridization kit. After washing with stabilization and drying solution (Agilent Technologies), microarray signals were scanned in an Agilent model G2505A microarray scanner.
Data analysis. Images were processed using Agilent Feature Extraction software, which provides normalized Cy3 and Cy5 channel intensity values for each spot on an array (for a detailed description of the Agilent Feature Extraction software and the algorithms, see the Agilent Feature Extraction User's Manual). The selected genes were further classified into the biological process, molecular function and signaling pathway by the Gene Ontology software (http://www.geneontology. org/).
Reverse transcription and real-time PCR.
The primers used in the present study have been described in previous studies (16) . The primers for IL1α, il1β, IL6, IFI1 and IFI47 were designed according to the NCBI sequence database using the software Primer3 (16) . The primers for TNF (17) , COX-2 (20), CCL22 (18) and PTGS2 (19) have been described previously. Reverse transcription and real-time PCR were performed with DyNAmo™ SYBR ® Green 2-Step qRT-PCR Kit (Finnzymes Oy., Espoo, Finland) according to the manufacturer's manual. Briefly, RNA (200 ng) was reversed to cRNA using Oligo dT and M-MuLV RNase at 37˚C for 30 min, and the reaction was then terminated at 85˚C for 5 min. Quantitative PCR was performed with the Roter-Gene-3000AKAA (Corbett Research) in triplicates using the standard curve. The Tm-value of PCR was determined according to each primer sequence (https://www.finnzymes.fi/tm.determination.html). Each PCR reaction contained 250 ng of reverse transcripts, 75 ng of each primer and 10 µl Master mix (Finnzymes Oy.). The thermal cycling condition was held at 95˚C for 15 min followed by 55 cycles of 30 sec at 94˚C, 30 sec at Tm-value (16) and 30 sec at 72˚C. The result was represented by the relative expression level normalized with control cells.
Pathway analysis and network generation. Gene accession numbers, the fold change upon 6-MSTIC treatment vs. the control cells, and the t-test P-value were imported into the IPA software. IPA was carried out with P<0.002 as the cutoff point. The genes were categorized according to the molecular functions using the software. The identified genes were also mapped to genetic networks in the IPA database and ranked by a score that denotes the probability that a collection of genes equal to or greater than the number in a network could be achieved by chance alone. The genetic network analysis focuses on the functional relationships that are present in the literature to create a network of genes with similar functions and recorded interactions. A network pathway is a graphical representation of the molecular relationships between genes or gene products. Genes or gene products are represented as nodes, and the biological relationship between two nodes is represented as an edge (line). All edges are supported by at least one reference from the literature, from a textbook, or from canonical information stored in the Ingenuity Pathways Knowledge Base. The intensity of the node color indicates the degree of up-(red) or down-regulation (green). Nodes are displayed using various shapes that represent the functional class of the gene product. Edges are displayed with various labels that describe the nature of the relationship between the nodes (e.g., P for phosphorylation, T for transcription).
Statistical analysis. Differences between treated and control cells were analyzed by the Student's t-test. A probability of P<0.05 was considered significant.
Results

Gene expression profiles.
Based on the results of our preexperiments, RAW264.7 cells were treated with or without 8 µM 6-MSITC for 30 min and then exposed to 40 ng/ml lipopolysaccharide (LPS) for another 6 h. Under this condition, RAW264.7 cells had a favorable response to 6-MSITC without cytotoxicity. Cell mRNA was prepared and processed for hybridization to the mouse oligonucleotide DNA microarray, as described in Materials and methods. Comparing the signals of LPS-treatment with those of the control revealed that a total of 1123 gene signals were changed by ≥3-fold, of which, 406 gene signals were increased and 717 gene signals were decreased by ≥3-fold (Table I) . Among the 1123 genes responding to LPS, treatment with 6-MSITC reduced 238 gene signals by ≥2-fold and enhanced 336 gene signals, respectively (Table I ). Therefore, 6-MSITC affected ~51% of the LPS-responsive genes by ≥2-fold. This result suggests that 6-MSITC might be effective in attenuating LPS-induced responses. To validate the accuracy of the microarray data, 6 representative genes with changes in expression of several fold, several ten fold and several hundred fold by LPS were chosen, and their expression levels were detected by real-time PCR with the same RNA. The real-time PCR results exhibited a similar expression pattern with that of the DNA microarray, suggesting the DNA microarray data obtained in the present study is valid (data not shown).
Grouping of genes targeted by 6-MSITC.
The genes that showed response to LPS only and LPS plus 6-MITC were classified into biological process, molecular function and signaling pathway by the Gene Ontology software. As shown in Table II , 332 genes with ≥3-fold change by LPS were classified into 35 groups of which 206 genes were regulated by Figure 1 . Real-time PCR of various genes identified by the DNA microarray. RAW264.7 cells were pretreated with or without 6-MSITC for 30 min and then exposed to 40 ng/ml LPS for 6 h. RNA extract and real-time PCR are described in Materials and methods. The primers used were described in previously studies. The result was expressed as the relative expression level. Each value represents the mean ± SD of three separate experiments. * P<0.05, ** P<0.001 vs. LPS. IL, interleukin; TNF, tumor necrosis factor; PTGS2, prostaglandin-endoperoxide synthase 2; CCL, CC chemokine ligand; CXCL, CXC chemokine (C-X-C motif) ligand; IFI, interferon-inducible protein; iNOS, inducible nitric oxide synthase.
6-MSITC with ≥2-fold and classified into 30 groups hitting for biological process (81), molecular function (108) and signaling pathway (17) categories. The remaining 11,480 genes were unclassified. The gene groups highly affected by wasabi 6-MSITC were associated with 'inflammatory response, signal transduction, cytokine activities, hydrolase activity, kinase activity, receptor activities, transferase activity, nucleic acid binding and apoptosis' categories.
Profiling of anti-inflammatory effects by 6-MSITC.
To investigate the anti-inflammatory effects by 6-MSITC, we next profiled the genes that are related to inflammatory response, defense, cytokine activity and receptor activity. The changes in gene expression by 6-MSITC (≥2-fold) are partially listed in Table III . The induction of pro-inflammatory genes, including TNF, IL1β, IL6, prostaglandin-endoperoxide synthase 2 (PTGS2) and COX-2 by LPS were reduced by 6-MSITC. In addition, the inductions of various CC and CXC chemokines including chemokine (C-C motif) ligand 17 (CCL17), 22 (CCL22), chemokine (C-X3-C motif) ligand 1 (cx3cl1), chemokine (C-X-C motif) ligand 11 (CXCL11) and 16 (CXCL16) by LPS were suppressed by 6-MSITC. LPS-induced interferon-inducible protein 1 (IFI1) and 47 (IFI47), and interleukin receptor (IL10ra, IL23r and IL4ra) levels were also attenuated by 6-MSITC. On the other hand, LPS decreased the expression levels of a few CC chemokines CCL11 and CCL25), interleukins (IL3) and receptors (IL1ra12, IL8ra, TNFRSF23 and TNFSF4) while 6-MSITC restored them to normal levels. To confirm the results, the expression levels of IL1β, IL6, ΤΝF, COX-2, PTGS2, CCL22, IFI47 and IFI1 were further detected by real-time PCR (Fig. 1) . Most showed a similar expression pattern between the microarray and realtime PCR data. For example, the level of LPS-stimulated expression of TNF was reduced by 85% by 6-MSITC in the real-time PCR experiment, while the extent of reduction was 68% in the microarray experiment. The inhibitory effect of 6-MSITC on IFI1 was 60% in the real-time PCR and 57% in the microarray experiments. IL1β showed a somewhat lower extent of 6-MSITC effect in the microarray (40%) than the extent in the real-time PCR experiment (93%).
Biologically relevant networks and pathways. To determine the biologically relevant networks and pathways of the differ- entially expressed genes, pathway analysis was conduced on genes with 2-fold changes upon 6-MSITC treatment, using the Ingenuity Pathway Knowledge Base. The most significant network in up-and down-regulated genes by 6-MSITC ( Fig. 2 ; score, 42 and 26 genes) including inducible T-cell co-stimulator ligand (ICOSLG), tumor necrosis factor (ligand) superfamily member 4 (TNFSF4), CD86 antigen (CD86), nuclear factor of κ light polypeptide gene enhancer in B-cell inhibitor ζ (NFKBIz), CCL17 and CCL22 was associated with inflammatory response (P-value, 2.46E-4 to 4.47E-2) and immune response (P-value, 3.06E-5 to 7.16E-3). The other network ( Fig. 3 ; score, 42 and 26 genes) in up-and down-regulated genes by 6-MSITC, including CCL11, CCL13, CCL2, CCL4, CCL5, CCL7, CCR1, CXCL10, IL6 and IL10 was associated with inflammatory (P-value, 2.27E-9 to 1.15E-3) and immune response (P-value, 6.31E-8 to 6.31E-8).
Discussion
6-(Methylsulfinyl)hexyl isothiocyanate has been reported to attenuate expression of COX-2 (6) and iNOS (7), and production of prostaglandin E synthase 2 (PGE2) (6) and NO (7), suggesting 6-MSITC may have anti-inflammatory activity. In the present study, we, for the first time, showed the gene expression profiles upon 6-MSITC treaatment in RAW264.7 cells, a cell model system to study inflammation, by genomewide DNA microarray.
Among a total of 22,050 gene probes, LPS treatment at 40 ng/ml for 6 h up-regulated signals of 406 gene probes (1.8% of the total gene probes) and down-regulated signals of 717 gene probes (3.2% of the total gene probes) by ≥3-fold. These genes were categorized into 35 groups and hit for biological processes, molecular functions and signaling pathways. The number of genes affected by LPS was fewer than that upon treatment with 1 µg/ml for 6 h as reported previously (18) , suggesting that RAW264 cells responded to LPS in a dose-dependent manner. In our preliminary treatment, we found that a high dose of LPS appeared cytotoxic to RAW246.7 cells; we thus treated the cells with 40 ng/ml LPS in the present study to mimic an inflammatory response under normal conditions.
The number of genes affected by 6-MSITC treatment consisted of 58% of genes down-regulated by LPS and 47% of genes up-regulated by LPS. Analysis of the genes targeted by 6-MSITC revealed that a number of inflammation and defense-related genes were affected. The up-regulation of pro-inflammatory genes, such as TNF, IL1β, IL6, PTGS and COX-2 by LPS has been suggested to be a major factor for the inflammatory effects observed in LPS-activated macrophages (20, 21) , and 6-MSITC appeared to attenuate their expression. In addition, 6-MSITC reduced the expression of interferon-inducible genes (IFI1 and IFI47). These factors are documented to be involved in interferon-mediated immunity and cell proliferation and differentiation (22) . The inductions of interleukin receptors (IL10ra, IL23r and IL4ra) by LPS were also suppressed by 6-MSITC. These results suggest that 6-MSITC inhibition of the expression of various pro-inflammatory genes may explain its anti-inflammatory effects. On the other hand, 6-MSITC also restored the expression levels of LPS-reduced CC chemokines (Ccl11 and Ccl25), interleukins (IL3) and receptors (IL1ra12, IL8ra, TNFRSF23 and TNFRSF4) to control levels. The data suggest that wasabi 6-MSITC might not only attenuate the expression of certain pro-inflammatory genes induced by LPS but also restore the expression level of anti-inflammatory genes reduced by LPS although detailed information must be obtained through further studies.
In summary, our DNA microarray data, for the first time, revealed gene expression profiling of wasabi 6-MSITC in an inflammatory cell model, RAW264.7. 6-MSITC may target immune and inflammation-related genes including chemokines, interleukins and interferons to exert its anti-inflammatory function. These data provide a basis for understanding the molecular mechanisms of the anti-inflammatory effects of wasabi.
